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Atom localization via resonance fluorescence
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We propose a simple scheme of atom localization based on resonance fluorescence from a standing-wave
field. The Rabi frequency is position dependent and therefore the spontaneously emitted photon carries the
information of the atomic center-of-mass motion. This leads to atom localization even during the flight through
the standing-wave field.

PACS number~s!: 32.50.1d
h
ns

l
s

op

d
h

e,
th
-

o
s

f
n

th
d
en

rn

h
th

pr
e
te
on
t a
d

a

ca
ng

a
is

an
s

on-
an

pho-
r the
r-

nce
ic
ores-
he
this
usly
ion
at
cal-

ate
a-

ve

he
he
n
the

und

r

e

the
its
t the
xi-

en
Precision position measurement of atoms has a vast
tory of interest due to its involvement in many applicatio
like laser cooling, Bose-Einstein condensation, and atom
thography. The experimental progress in using light force
manipulate the motion of atoms@1# make it more desirable to
get high resolution position measurement of atoms with
tical techniques.

In recent years, several schemes have been considere
the localization of an atom using the standing optical lig
field. For example, Storeyet al. @2# and Marte and Zoller@3#
proposed the idea of a virtual ‘‘optical slit.’’ In that schem
the atom is localized by measuring the phase shift of
optical field in a cavity due to the spatially varying atom
field coupling. The localization in position space based
the phase-shift measurement on the field is further inve
gated via homodyne detection@4,5# by using the method o
quantum trajectories@6#. A related technique for the positio
measurement of the atom is used by Kunzeet al. @7# in
which the phase shift of the atomic dipole, rather than
light field is used. Kienet al. further investigated this metho
and showed that a coherent cavity field substantially
hances the resolution as compared to a classical field@8#. In
a recent experiment, Kunzeet al. @13# demonstrated how the
entanglement between the atom’s position and its inte
state allows one to localize the atom withoutdirectly affect-
ing the particle’s spatial wave function. They reported t
possibility of producing narrow localization structures wi
widths belowl/20.

Other techniques such as atom imaging methods are
posed by Thomas and co-workers@9–11#. These methods ar
based on resonance imaging, i.e., a spatially varying po
tial shifts the resonance frequency of an atomic transiti
Therefore the resonance frequency is position dependen
position distribution is determined by spectroscopic metho
They achieved a spatial resolution of 1.7mm for the atomic
position measurement by using the technique of atom im
ing in high magnetic field gradients. Thomaset al. further
demonstrated that a suboptical wavelength localization
be achieved by using light-shift gradient for atom imagi
@12#.

In this article we suggest a simple scheme to localize
atom inside the standing wave during its motion. Th
scheme utilizes the idea that the frequency of the spont
ously emitted photon carries the information about the po
1050-2947/2000/61~6!/063806~5!/$15.00 61 0638
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tion of the atom due to its dependence on the positi
dependent Rabi frequency of the driving field. Therefore
atom is localized as soon as the spontaneously emitted
ton is detected. This scheme presents a simple method fo
localization of an atom using a simple two-level atom inte
acting with the classical standing-wave field. In the prese
of the driving field, dynamic Stark splitting of the atom
levels takes place and we get a three-peak resonance flu
cence spectrum. The splitting is directly proportional to t
position-dependent Rabi frequency. Our scheme exploits
fact and by measuring the frequency of the spontaneo
emitted photon we can localize the atom during its mot
through the standing field. It is worthwhile to mention th
such a scheme, along with a similar scheme for atom lo
ization based on Autler-Townes spectroscopy@14#, affords a
direct method to obtain information about the quantum st
of the radiation field without any major numerical comput
tions @15,16#.

We consider a two-level atomA with energy levelsua&
and ub& and transition frequencyvab that is described by a
center-of-mass wave functionf (x). The atom is moving
along thez axis and interacts with a resonant standing-wa
light field of wave vectork5vab /c aligned along thex di-
rection as shown in Fig. 1. The velocity component of t
atom along thez axis is considered large enough so that t
motion in this direction is treated classically. The drive
atom radiates spontaneously and one of the modes of
scattered light interacts with the detector atomB, initially in
its ground state. The detector atom consists of the gro
level ub& and a set of excited levelsuak&. We assume that the
scattered light of wave vectork0 is absorbed by the detecto
atom and is excited to an appropriate energy leveluak0

&. Our
aim is to find the conditional position distribution of th
atomA, i.e., the conditional probabilityW(x;tuak0

) of find-
ing the atomA at positionx at timet when the detector atom
B is excited to the leveluak0

&.
We assume that the center-of-mass momentum of

atomA alongx axis does not change appreciably during
passage through the standing wave. We can then neglec
kinetic energy term for the atom in the Raman-Nath appro
mation. The interaction Hamiltonian for the atomA, in the
dipole and rotating-wave approximations, is therefore giv
by
©2000 The American Physical Society06-1
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H~ t !5\g~x!@ ua&^bu1ub&^au#1\(
k

@gk~x!ua&

3^bue2 i (nk2vab)tbk1gk* ~x!ub&^auei (nk2vab)tbk
†#,

~1!

where g(x)5G sin(kx) is the position-dependent Rabi fre
quency, the operatorsbk and bk

† are the annihilation and
creation operators for the photons in the reservoir mo
with frequencynk5cuku, andgk(x) is the coupling constan
between the atom and the vacuum modek. The state vector
for the complete atom-field system is

uC~ t !&5E dx f~x!ux&(
nq

@Ca,0k0
,nq ,b~x;t !ua,0k0

,nq ,b&

1Cb,0k0
,nq ,b~x;t !ub,0k0

,nq ,b&

1Cb,0k0
,nq ,ak0

~x;t !ub,0k0
,nq ,ak0

&], ~2!

where Ci ,0k0
,nq ,b(x;t) is the position-dependent probabilit

amplitude with the atomA being in the levelu i & ( i 5a,b)
with no spontaneously emitted photon present in the modk0
andn photons present in the modeq, while the detector atom
remains in the ground levelub&. Similarly Cb,0k0

,nq ,ak0
(x;t)

is the probability amplitude for the atomA to be in the level
ub& after emitting one photon in thek0th mode and havingn
photons in the modeq; the emitted photon is absorbed by th
detector atomB exciting it to the stateuak0

& with no photon

left in the k0th mode.

FIG. 1. Two-level atomA moving along thez axis and interact-
ing with a resonant standing-wave light field of wave vectork
5vab /c aligned along thex axis. The driven atomA radiates spon-
taneously in all directions. The detector atomB, consisting of the
ground levelub& and a set of excited levelsuak&, absorbs the emit-
ted photon in modek.
06380
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Our scheme utilizes the fact that the frequency of
spontaneously emitted photon is directly related to
x-dependent Rabi frequency of the driving field. We now s
how the spectrum of the spontaneously emitted photon
scattered light mimic the position probability of the cente
of-mass motion of an atom. The conditional probabil
W(x;tuak0

) of finding the atomA at positionx at timet when

the detector atom excites to the leveluak0
& is

W~x;tuak0
!5(

nq

z^xucb,0k0
,nq ,ak0

& z2, ~3!

where

ucb,0k0
,nq ,ak0

&5N^ak0
u^nqu^0k0

u^buC~ t !&

5NE dx f~x!Cb,0k0
,nq ,ak0

~x;t !ux&. ~4!

HereN is a normalization factor. Thus the conditional pos
tion probability is given by

W~x;tuak0
![W~x!5u f ~x!u2P~v,x,t !, ~5!

with v5uk0u/c and

P~v,x,t !5uN u2(
nq

uCb,0k0
,nq ,ak0

~x;t !u2. ~6!

HereP(v,x,t) is the filter function which is directly propor
tional to the excitation probability of the detector atom. T
problem therefore reduces to finding the excitation proba
ity P(v,x,t) for a single photon detection.

The detector atom is interacting with the scattered lig
due to the decay of atomA. The interaction picture Hamil-
tonian for the interaction between the detector atom loca
at position vectorr and the scattered fieldE2(r ,t), in the
rotating-wave approximation, is

Hd52(
k

@`akbsakbE1~r ,t !eivt

1`akb* sbak
E2~r ,t !e2 ivt#. ~7!

For the detector atom initially in its ground stateub& and the
field in some stateu f &, the state of the atom-field system
time t is given by

uC~ t !&5UI~ t !ub&u f &. ~8!

We then have

uC~ t !&5F12
i

\Et0

t

dt8Hd~ t8!G ub&u f &. ~9!

The probability of exciting the detector atom to leveluako
& is

found by calculating the expectation value of the project
operatoruak0

&^ak0
u, i.e.,
6-2
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P~v,x,t !5^C~ t !uak0
&^ak0

uC~ t !&. ~10!

The resulting expression for the excitation probability is

P~v,x,T!5
`2

\2Et0

T

dt1E
t0

T

dt2^E
2~r ,t1!E1~r ,t2!&

3e2 iv(t12t2). ~11!

This excitation probabilityP(v,x,T) is therefore propor-
tional to the power spectrum of the scattered light@17# emit-
ted from the atomA. In the steady state (T@G21) the field
emitted by the atom is statistically stationary, i.e., the fi
correlation function^E2(r ,t1)E1(r ,t2)& depends only on
the time differencet5t12t2. We then obtain

P~v,x,`!5
1

p
ReE

0

`

dt^E2~r ;t !E1~r ;t1t!&e1 ivt.

~12!

As the field operatorsE2(r ,t), E1(r ,t) are proportional to
the atomic operatorss1(t), s2(t), respectively, we obtain

^E2~r ;t !E1~r ;t1t!&5I 0~r !^s1~ t !s2~ t1t!&, ~13!

whereI 0(r ) is a constant. The two-time correlation functio
of atomic dipole operator̂s1(t)s2(t1t)& can be calcu-
lated by using the quantum regression theorem. It follows
taking the Fourier transform of̂s1(t)s2(t1t)& that the
power spectrum of fluorescence light is@18#

P~v,x,`!5
I 0~r !

4p S 4g2~x!

G218g2~x!
D F 4pG2

G218g2~x!
d~D!

1
G

D21~G/2!2
1

c1

~D1m!21~3G/4!2

1
c2

~D2m!21~3G/4!2G , ~14!

whereD5vab2v, m5A4g2(x)2G2/16, and

c65
3G

4 F8g2~x!2G2

8g2~x!1G2G6~D6m!
G

4m F40g2~x!2G2

8g2~x!1G2 G .

~15!

The expression forP(v) simplifies considerably when th
Rabi frequency is much larger than the decay rate of
atom i.e.,g(x)@G. The resulting expression for the spe
trum is

P~v,x,`!5
I 0~r !

8p F 3G/4

@D12g~x!#21~3G/4!2
1

G

D21~G/2!2

1
3G/4

@D22g~x!#21~3G/4!2G . ~16!
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This is the well-known three-peak Mollow spectrum, th
only difference being the position dependence of the R
frequency.

In the resonance fluorescence spectrum we have t
peaks centered atD50 andD562g. In our scheme of lo-
calization of an atom we replace the Rabi frequencyg with
the position-dependent Rabi frequencyg(x)5G sin(kx). The
peaks are nowx dependent and are located atD50 andD
562G sin(kx). The atom now undergoes a different Ra
oscillation at a different position in a standing wave and
get maxima in the position distribution corresponding
these Rabi frequencies. In Fig. 2 we show a thr
dimensional plot of the conditional position distributio
W(x) for an initially broad wave packet as a function of th
normalized positionkx and detuningD. We note that for
zero detuning there is a uniform position probability dist
bution over the wavelength domain of the standing wa
This is due to the fact that the atom exhibits a peak aD
50 for any value of Rabi frequency, and hence for all valu
of kx. The heights of the peaks for all values of position a
the same and we therefore obtain a uniform position dis
bution. Thus the conditional position distribution provides
information about the atom localization forD50. An in-
crease in detuning corresponds to the localization of the a
at different positions inside the standing wave, depending
the value of the position-dependent Rabi frequencyg(x). We
obtain four maxima of same heights and widths in the reg
0<kx<2p located at kx56sin21(D/2G)6np (n50,
61). For small values ofD, these maxima are located ne
the nodes of the standing wave. However, with the increa
detuning these peaks move towards the antinodes of
standing wave. ForD562G, four maxima merge into two

FIG. 2. Conditional position probability distributionW(x) as a
function of normalized positionkx(0<kx<2p), and detuningD,
for g(x)@G. For D50 there is a uniform position probability dis
tribution over the wavelength domain of the standing wave. By
increase inD, maxima corresponding to atom localization at diffe
ent positions inside the standing wave~initially near the nodes of
the standing wave! for four different values ofg(x), are observed.
These maxima move away from the nodes with increasing detun
For D562G, four maxima merge into two and lie on the antinod
of the standing wave and foruDu.2G no resonances exist and a fl
position distribution over the wavelength domain is obtained.
6-3
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FIG. 3. Conditional position
distribution W(x) with G/G510
for ~a! D/G55, ~b! D/G510, ~c!
D/G515, and ~d! D/G520,
clearly shows the dependence
position information on the detun
ing D. The solid line corresponds
to the conditional position distri-
bution W(x) and the dotted line
corresponds to the standing wav
Hence position information is
available in the subwavelengt
domain of the standing-light field
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and lie on the antinodes of the standing wave. There
noresonances foruDu.2G and we obtain a flat position dis
tribution over the wavelength domain.

These results indicate a strong correlation between
detuning of the scattered light and the position of the ato
The measurement of a particular frequency correspond
the localization of the atom in a subwavelength domain
the standing wave.

A clearer picture of the dependence of the localizat
scheme of an atom on the position-dependent Rabi freque
and detuning is demonstrated in Figs. 3~a!–3~d!, where we
show two-dimensional plots of the conditional position d
tribution W(x) as a function of normalized positionkx
~ranging from2p→p) for four different values of detun
ing, i.e., D/G55,10,15,20. The amplitude of the positio
dependent Rabi frequency is taken to beG/G510. It is clear
from these plots that the best resolved peak is obtaine
D5G for which the signal-to-background ratio is maximum
We get a partial overlap of the adjacent peaks for the ran
0,uDu,G and G,uDu,2G. This causes an enhanceme
of the background. The strength of these overlaps and,
sequently, the signal-to-background ratio depends on h
much the detuning deviates from the maximum value ofG.
However, a complete overlap is observed forD50 and
62G, which corresponds to the node and antinode, resp
tively.

We also investigate the dependence of the width of
best resolved peaks, for which the signal-to-background r
is maximum, on the amplitude of the position-depend
Rabi frequencyg(x)5G sin(kx) ~Fig. 4!. It is noted that the
width decreases with the increase in the amplitudeG of the
position-dependent Rabi frequency. The figure shows
the decrease in the width of the peak is very sharp for
values ofG/G ranging from 2→20. Outside this limit the
width decreases slowly to a certain minimum value and st
practically asymptotic forG/G.100. This happens becaus
in this regime, the amplitude of the Rabi frequency is ve
06380
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large and the effect of the spontaneous emission, i.e.,
linewidth, is minimized.

The spatial resolution in our scheme depends on the r
of G/G and we must get a better spatial resolution for hi
Rabi frequencyG as compared to the decay rateG. Apart
from the periodicity of the standing wave which results fo
peaks in a conditional position distribution within a un
wavelength, a spatial resolution of'l/60 can be achieved
for a ratio of G/G510. This is a reasonable approximatio
for the ratioG/G because recent experiments in the opti
region on the realization of single atoms in the cavity QE
reported a ratio ofG/G of 8 @19# and in a more recent work
it is enhanced to approximately 20@20#.

Here we mention again that the above power spectr
gives the conditional position distribution, i.e., the positi
information is conditioned on the measurement of the f
quency of the emitted light. The frequencyv of the sponta-
neously emitted photon is related to the detuning param
D, asv5vab2D, whereD562g(x). Hence the detection
of the spontaneously emitted photon gives the immed
information about the position of the atom inside the op

FIG. 4. Plot of width (w'kDx) versusG/G for the best re-
solved peaks (D5G) in the conditional position distributionW(x).
The plot shows a strong dependence ofw on the amplitude of the
position-dependent Rabi frequencyG.
6-4
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calfield. Although the spontaneous-emission process is
tropic in nature and would require the use of 4p detectors in
principle, for practical purposes it is not necessary to m
sure every atom.
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